In order to determine the role of defects ͑vacancies and extended lattice defects͒ in the conductivity mechanism of a well studied organic ionic plastic crystal electrolyte, conductivity and mean defect volumes were measured. The ionic conductivity of the salt showed a characteristic phase dependence. Defect volumes, as measured by positron annihilation lifetime spectroscopy, showed increasing rates of expansion with increasing rotational disorder. The dependence of ionic conductivity on defect volume was observed to be phase dependent. Increases in mean defect volume size below Ϸ100 cm 3 mol −1 did not always facilitate ionic conductivity. It was shown that the material undergoes a solid-solid phase transition to the most disordered phase ͑a plastic crystalline phase with the highest conductivity͒ when the mean defect volume becomes larger than the molar volume of either the rotating anionic or cationic species. Conductivity in this phase had the strongest dependence on defect volume. Critical volumes calculated from the free volume model of Cohen and Turnbull were unrealistically large.
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I. INTRODUCTION
Organic ionic plastic crystals ͑OIPCs͒ have generated much interest due to the observation of significant conductivities in their plastic crystal and rotor phases. [1] [2] [3] Their combined mechanical and transport properties potentially make them suitable for a variety of electrochemical devices.
Quaternary ammonium based salts coupled with symmetric anions have been investigated by Ikeda and co-workers 2 and many of these exhibit plastic crystal or rotor phases, as determined by thermal analysis and nuclear magnetic resonance ͑NMR͒ measurements. Some of these compounds have shown substantial ionic conductivity, , in their high temperature plastic phases ͑e.g., Et 2 NH 2 Br has = 2.5 ϫ 10 −7 S cm −1 at 400 K͒. Conductivity has been attributed to a defect migration mechanism, although no direct evidence for this has been presented.
OIPC electrolytes based on pyrrolidinium ring cations, where R groups are R 1 = methyl or ethyl, and R 2 = methyl, ethyl, propyl, etc. ͑Fig. 1͒, and anions including bis͑trifluo-romethanesulfonyl͒ amide ͑TFSA͒, hexafluorophosphate ͑PF 6 ͒, and tetrafluoroborate ͑BF 4 ͒ have displayed conductivities as high as 10 −3 S cm −1 at 300 K when doped with lithium ions. 3, 4 These materials have interesting phase behavior with several solid-solid phase transitions often being observed which are, at least partially, attributed to the onset of increasing degrees of rotational disorder and finally complete isotropic rotation of the ions on their lattice sites. The solidsolid transitions involve a significant fraction of the overall enthalpy and entropy of fusion ͑⌬S f ͒ and thus bring the solid-plastic phase thermodynamically closer to the liquid. The liquidlike degrees of freedom imparted by rotation in the solid state ultimately result in translational diffusion and also impart plastic mechanical properties. The mechanical properties of the N-ethyl N-propyl pyrrolidinium PF 6 organic ionic plastic crystal electrolyte have recently been reported and show that increasing rotational disorder results in decreasing mechanical strength. 5 The simple tetramethyl ammonium dicyanamide compound ͑Me 4 NDCA͒ represents an archetypal plastic crystal electrolyte for which the crystal structure can be readily determined. Crystal structure data, combined with NMR second moment analysis, have allowed the nature of the rotational and translational motions, which lead to high plasticity and conductivity, to be examined. 6 Conductivity appears to be dominated by Me 4 N cation diffusion and this has been correlated to the number of vacancies, as determined from the relative fraction of mobile cation species observed in the NMR linewidth measurement.
Scanning electron microscopy ͑SEM͒ of pyrrolidinium BF 4 and TFSA compounds has suggested that different degrees of plasticity that occur in these materials are manifested in SEM micrographs as observable dislocations and parallel slip planes. 7, 8 In cases where plastic behavior is not expected ͑e.g., N-methyl N-butyl pyrrolidinium BF 4 ͒ SEM micrographs show a more well defined crystalline material with slip planes noticeably absent. Most recently, rotational motion and defects ͑point and extended lattice defects͒, as directly probed by orthopositronium ͑o-Ps͒, have been shown to aid ionic conduction in plastic crystal and rotor phases of N , N-dimethyl pyrrolidinium TFSA and N-methyl N-ethyl pyrrolidinium TFSA. 9 The semistable orthopositronium ͑o-Ps͒ atom was first shown to be sensitive to solid-solid phase transitions in molecular crystals by Cooper, Deblonde, and Hogg. 10 Subsequent work in molecular plastic crystals attributed this to o-Ps trapped in defects, and depending on the system, and its phase behavior, these defects could be vacancies, divacancies, or dislocations. 11 From this work, it was established that a relationship existed between the o-Ps lifetime ͑ o-Ps ͒ and defect size. 11 A range of organic plastic crystals have been studied by positron annihilation lifetime spectroscopy ͑PALS͒. The PALS data as a function of temperature through the solid-solid phase transformations have been used to derive vacancy formation energies for these systems. 12 The possibility of defect assisted conductivity has been discussed for OIPC systems, 2, 3, 13 and has been supported indirectly by electron microscopy 7 and NMR ͑Refs. 2 and 6͒ and directly by PALS. 9 In this contribution we compare ionic conductivity with defect volumes as measured by PALS for a well studied organic ionic plastic crystal electrolyte. We evaluate the relationship between conductivity and defect volume, and discuss the applicability of a common free volume approach to model defect assisted conductivity.
II. EXPERIMENT
N-methyl N-ethyl pyrrolidinium TFSA was synthesized as described in Ref. 3 . The compounds were prepared by a metathesis reaction from the corresponding iodide salt.
PALS measurements were performed using an automated EG&G Ortec fast-fast coincidence system. Two identical samples were placed on either side of a 22 NaCl/ Mylar source and the sample-source sandwich was placed in a dry nitrogen atmosphere inside a temperature-controlled chamber. OrthoPositronium ͑o-Ps͒ pickoff annihilation characteristics were measured. A source correction was used based on the o-Ps source component for control samples of annealed pure aluminum. Error bars represent the population standard deviation for five spectra.
Conductivity measurements have been described elsewhere. 4 Briefly, a locally designed multisample conductance cell with cylindrical sample compartments was employed. During the conductivity run the temperature was ramped up at a steady rate of 0.2 K min −1 under the control of a Shimaden digital temperature controller. Conductivity was obtained by measuring the complex impedance of the cell between 20 Hz and 1 MHz, using a HP 4284A impedance meter.
III. RESULTS AND DISCUSSION
Appreciable ionic conductivity measured for the N-methyl N-ethyl pyrrolidinium TFSA plastic crystal is presented in Fig. 2 . As previously reported, the material displays an unexpectedly complex conductivity behavior. Much of the structure in Fig. 2 is associated with solid-solid phase transitions observed by differential scanning calorimetry ͑DSC͒.
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The DSC shows a solid-solid transition at 287 K which represents the transition of the material from phase III to phase II. A second transition was observed at 318 K denoting the transition from phase II to phase I. A solid to liquid transition was observed at 368 K. As a convention, phases are labeled in order with increasing numerals as temperature decreases from the melting point.
Although defect assisted conductivity has been discussed for OIPC systems [2] [3] [4] [5] 13 no model has been proposed. Recently, it has been shown that increased rotational disorder imparted by solid-solid transitions in the N-methyl N-propyl pyrrolidinium PF 6 organic ionic plastic crystal electrolyte can be associated with large increases in volume of the bulk sample. 5 Large increases in volume were not always accompanied by large increases in conductivity. Vacancy size is critical to transport as first formulated by Cohen and Turnbull. 14 This theory predicts that for an average vacancy size larger than a minimum size needed to accommodate the diffusing species, the diffusion coefficient will increase as 22 Ne͒ and stop quanta of 0.511 MeV associated with their death. When a positron enters a nanoporous material three separate processes can be measured, each with a different lifetime. The shortest lifetime ͑100-200 ps͒ is attributed to the self-annihilation of a positron bound to an electron of opposite spin ͑p-Ps͒. The second lifetime ͑200-700 ps͒ is attributed to the annihilation of free positrons and trapped positrons in the material. The third lifetime is the annihilation of a semistable species called orthopositronium ͑o-Ps͒, consisting of a positron bound to an electron with the same spin.
The lifetime of o-Ps in a vacuum is 142 ns with the annihilation of o-Ps occurring via pickoff. In condensed matter o-Ps localizes in defects ͑vacancies, dislocations in crystalline solids or other free volume elements in amorphous solids͒ and the pickoff rate depends on the probability of the overlap of the o-Ps wave function with the wave functions of the surrounding electrons and is therefore a function of electron density of the material. Consequently, o-Ps localized in vacancy type defects have average lifetimes which depend on the size of the defect.
When o-Ps annihilates it can be assumed to do so in a potential well where the o-Ps wave function has a penetration depth of ⌬R into the material surrounding the potential well. If the radius of the well is R ͑assuming a sphere͒, using quantum mechanics, the o-Ps pickoff lifetime can be related to the radius of the defect by o-Ps /ns = 1 2
ͩ1−
where o-Ps denotes the o-Ps pickoff lifetime. The 1 / 2 prefactor is the spin averaged Ps annihilation lifetime and ⌬R has been found, empirically, to equal 0.166 nm. From the calculated defect radius, the defect volume V h is obtained from
assuming spherical defects. The orthopositronium pickoff lifetime o-ps , which is related to defect size, is shown in Fig. 3 as a function temperature for N-methyl N-ethyl pyrrolidinium TFSA. The temperature dependence of the o-Ps lifetime shows that over the entire temperature range mean defect size increases with increasing temperature. Importantly, however, the amount that defect size increases with temperature depends on the phase present, with clear changes at temperatures where solid-solid phase transitions observed by DSC have previously been reported. 4 The rate of vacancy expansion increases with increasing rotational disorder from 0.432 3 in phase I. Interestingly, even though the rate of vacancy expansion for phase II is almost four times larger than the rate of expansion calculated for phase III, conductivity does not increase so drastically from phase III to phase II ͑Fig. 2͒ and remains almost constant over the phase II temperature range. This could be interpreted as the phase III to II transition allowing the possibility of neutral ion pair motion which does not contribute to the measured ionic conductivity. The size of the N-methyl N-ethyl pyrrolidinium cation is Ϸ91 cm 3 mol −1 , which has been calculated from the crystal structure 15 considering the van der Waals radii of the atoms.
The size of the TFSA anion is 84 cm 3 mol −1 , calculated in a similar manner. Comparing Figs. 2 and 3 , it can be seen that the transition from phase II to phase I occurs at Ϸ100 cm 3 mol −1 . NMR results have indicated that cation and anion rotation changes from anisotropic rotation in phase II to isotropic rotation in phase I. 16 Isotropic rotation most likely requires a volume larger than that calculated above, due to the asymmetry of the ions. It is interesting to note that, at the point where mean defect volume becomes greater than either the volume of the rotating N-methyl N-ethyl pyrrolidinium cation or the TFSA anion, phase II transforms into phase I and high ionic conductivity is measured. This picture of rotational freedom, vacancy expansion and conductivity enhancement supports the notion of defect assisted conductivity. Vacancy size and conductivity can be related by free volume theory pioneered by Cohen and Turnbull in 1959. 14 They argued that molecules ͑modeled as hard spheres͒ are mostly confined in a cage bound by their immediate neighbors with an occasional fluctuation in density opening a defect within the cage. For diffusion to occur this defect must have a volume greater than a critical value V*, which is the minimum volume needed to accommodate the diffusing molecule. By using statistical mechanics Cohen and Turnbull calculated the probability P of this defect being created. Using this probability in the diffusion coefficient and assuming that a diffusing molecule moves across the defect within velocity ϰ T 1/2 , and that the ionic mobility is governed by the Nernst-Einstein equation, the ionic conductivity may be described as 
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where C is a fitting parameter and V f is the free volume per molecule. V* is the critical volume and ␥ is a factor ͑be-tween 0.5 and 1.0͒ to correct for overlapping cavities. An assumption is made that diffusion is not activated, but occurs only as a result of the redistribution of free volume. This equation suggests that assuming free volume V f is equal or proportional to the defect volume as measured by PALS ͑V h ͒ a semilogarithmic plot of ln͑T 1/2 ͒ versus the inverse of mean volume should give a linear function with a slope of −␥V*. Such a plot is presented in Fig. 4 .
Most remarkably, a linear relationship between conductivity and inverse defect volume is observed in Fig. 4 . This result suggests that conductivity is indeed mediated by defect size. The slope depends on the phase present. In phase I an increase in mean defect volume causes an enormous increase in conductivity, while in the less disordered phases, increases in mean defect volume have a much smaller effect. This result suggests that increases in mean defect volume do not always facilitate ionic conductivity, but may facilitate other processes, such as increasing those which increase the degree of rotational freedom, which eventually result in increased conductivity in higher phases. The specific values of ␥V* calculated from Fig. 4 are 2264 cm 3 mol −1 ͑phase I͒, 270 cm 3 mol −1 ͑phase II͒, and 960 cm 3 mol −1 in phase III. These volumes are clearly much too large to be attributed to either of the mobile ions, or neutral ion pairs. Previously, in the field of polymer electrolytes, critical volumes much larger than the ions have been discussed in terms of the coupled nature of ion diffusion to long range structural characteristics. 18 Such effects could also be envisaged here, where ions can diffuse along extended lattice defects such as slip planes which have been observed in electron microscope studies of N-methyl N-ethyl pyrrolidinium TFSA. 8 Cohen and Turnbull originally developed their free volume model to describe the viscosity of nonionic liquids. Unrealistically large values of ␥V* have been observed for polymer electrolytes, and these have been attributed to deficiencies in the theoretical description of a complex conductivity mechanism. 19 More realistic critical volumes in these electrolytes were obtained by adding the volume locally available, as measured by PALS to the extra volume required for ionic motion as measured by activation volume measurements. Experiments are underway in order to test this approach on organic ionic plastic crystal electrolytes. In order to further develop an understanding of the conductivity mechanism for these materials, future work will also involve the determination of diffusing species by pulsed field gradient NMR as a function of temperature and pressure, and correlating these results with PALS data.
IV. CONCLUSIONS
The ionic conductivity of the N-methyl N-ethyl pyrrolidinium TFSA salt showed a characteristic phase dependence. As conductivity has been previously attributed to a defect migration mechanism, PALS measurements were undertaken in order to determine the role of defect volume in conductivity. Defect volume ͑as calculated from ortho-positronium lifetimes͒ showed phase dependent increases in the rate of thermal expansion. A linear dependence of ionic conductivity on the inverse of the mean defect volume in each phase was shown, suggesting a defect mediated conduction mechanism. Increases in mean defect volume did not always facilitate ionic conductivity, but may facilitate processes which eventually result in increased conductivity in higher phases. Analysis of the critical volume required for ionic transport based on the free volume model of Cohen and Turnbull gave unrealistically large results. Insight into the importance of vacancy type defects in plastic crystals was obtained from the observation that this material undergoes a solid-solid phase transition to the most disordered phase ͑with the highest conductivity and strongest dependence of conductivity on defect volume͒ when the mean defect volume is greater than the volume of either the rotating anion or cation.
